The human protein β2-microglobulin (β2m) aggregates as amyloid fibrils in patients undergoing long-term hemodialysis. Isomerization of Pro32 from its native cis to a nonnative trans conformation is thought to trigger β2m misfolding and subsequent amyloid assembly. To examine this hypothesis, we systematically varied the free-energy profile of proline cis-trans isomerization by replacing Pro32 with a series of 4-fluoroprolines via total chemical synthesis. We show that β2m's stability, (un)folding, and aggregation properties are all influenced by the rate and equilibrium of Pro32 cistrans isomerization. As anticipated, the β2m monomer was either stabilized or destabilized by respective incorporation of (2S,4S)-fluoroproline, which favors the native cis amide bond, or the stereoisomeric (2S,4R)-fluoroproline, which disfavors this conformation. However, substitution of Pro32 with 4,4-difluoroproline, which has nearly the same cis-trans preference as proline but an enhanced isomerization rate, caused pronounced destabilization of the protein and increased oligomerization at neutral pH. More remarkably, these subtle alterations in chemical compositionincorporation of one or two fluorine atoms into a single proline residue in the 99 amino acid long protein-modulated the aggregation properties of β2m, inducing the formation of polymorphically distinct amyloid fibrils. These results highlight the importance of conformational dynamics for molecular assembly of an amyloid cross-β structure and provide insights into mechanistic aspects of Pro32 cis-trans isomerism in β2m aggregation.
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protein conformation | polymorphism | amyloidogenesis | native chemical ligation H uman β2-microglobulin (β2m) is a component of the class I major histocompatibility complex (1) . Although the WT protein is generally stable at neutral pH, in kidney disease patients undergoing long-term hemodialysis, it forms insoluble amyloid deposits causing a condition known as dialysis-related amyloidosis (2) . Collagen and glycosaminoglycans facilitate fibril formation at neutral pH (3, 4) , as do organic solvents (5), divalent metal ions (Cu 2+ ) (6, 7) , and surfactants (8) . Amyloids can also be induced at low pH (<3) (9) or by "seeding" with stabilized preformed amyloids (10) . Despite more than two decades of research, however, the molecular mechanism by which soluble β2m is converted into insoluble fibrils remains poorly understood (11) .
Wild-type β2m (WT β2m) contains a highly conserved, cisconfigured proline at position 32 that is required for maintaining the soluble native structure ( Fig. 1) (12) . Several lines of evidence, including detailed folding studies and mutagenesis experiments on β2m, have suggested that cis-to-trans isomerization of Pro32 serves as a trigger to misfolding and subsequent aggregation (6, 13) . In β2m amyloids, this residue adopts a trans conformation (14, 15) , and additives that increase the equilibrium concentration of β2m conformers containing trans-Pro32 have been shown to promote amyloid formation (11) . A transproline amide is also observed in the X-ray structure of the hexameric species that is formed upon treatment of the H13F variant with Cu 2+ ions (7) . Although replacement of Pro32 with glycine, which has a stronger propensity to adopt a trans amide conformation than proline, facilitates fibril elongation in seeding experiments (13) , population of a trans-amide at residue 32 is not sufficient in itself to induce fibrillation. Mutation of Pro32 to alanine and valine, which have much higher trans amide bond propensities (>99.9%) than proline, does not result in enhanced amyloid formation (11) . Other factors, such as protein conformational dynamics (11) , are probably important for the initiation and assembly processes.
In this paper, we report a robust chemical synthesis of the 99-residue human β2m protein that allows us to probe the role of Pro32 cis-to-trans isomerization in amyloid formation with mechanistically more informative substitutions than can be achieved using conventional site-directed mutagenesis. Specifically, we generated three β2m variants in which Pro32 was replaced with (2S, 4S)-4-fluoroproline (4S-fpr), (2S, 4R)-4-fluoroproline (4R-Fpr), and 4,4-difluoroproline (F 2 Pro), respectively (16) (Fig. 1C) . Fluorinated proline analogs have been used extensively to probe the structure and stability of many proteins (17) (18) (19) (20) . They are nearly isosteric to the natural amino acid and preserve the unique conformational properties of the five-membered pyrrolidine ring but exhibit altered cis-trans amide isomer ratios. For example, the configuration at C4 in 4R-Fpr stabilizes the exo ring pucker via a gauche effect, which, in turn, leads to higher stability of the trans-prolyl conformer [6.7:1 versus 4.6:1 for proline in the model compound Ac-Xaa-OMe (20)] (Fig. 1D) . The opposite is true for 4S-fpr, which favors the endo ring pucker, reducing the preference for the trans-prolyl conformer to a factor of 2.5:1 (20) . F 2 Pro has similar cis-trans peptide bond propensities as native proline Significance β2-Microglobulin is an abundant and normally soluble protein.
In patients undergoing chronic dialysis, however, it forms insoluble amyloid plaques, leading to medical complications. It has been suggested that the conformational transformation of soluble protein monomers into polymeric amyloids is mediated by isomerization of a single amino acid, namely, proline 32. In this study, we probed the role of this amino acid by chemically synthesizing uniquely tailored protein analogs containing noncanonical amino acids at position 32. Our results show that both the chemical equilibrium and rate of cis-trans isomerization of proline 32 are critical for the solubility of β2-microglobulin and its self-assembly into morphologically distinct amyloid fibrils. These insights may aid ongoing efforts to provide remedies against dialysis-related amyloidosis.
but a significantly lower activation barrier for isomerization (16) . Biochemical characterization of WT β2m and the three analogs provides unique insight into the mechanistic consequences of perturbing the Pro32 peptide bond on protein (un)folding and subsequent aggregation to give oligomers and amyloid fibrils.
Results
Chemical Synthesis of Human β2m and Analogs by Native Chemical Ligation. WT β2m was assembled by "one pot" native chemical ligation of three unprotected peptide fragments ( Fig. 2 and SI Appendix, Figs. S1 and S2) (21) . The peptide segments were synthesized using an "in situ neutralization" protocol for Bocbased solid phase peptide synthesis (22) and subsequently purified to homogeneity by reverse-phase HPLC (RP-HPLC). Native chemical ligation of the C terminal and middle fragments was followed by thiazolidine (Thz) deprotection, ligation with the N-terminal peptide, and formyl-deprotection of tryptophans. After RP-HPLC purification, formation of the native disulfide bond by air-oxidation, and further RP-HPLC purification, the protein was folded by dialysis against 25 mM sodium phosphate buffer (pH 7.5). High purity of synthetic β2m was verified by analytical RP-HPLC and high-resolution mass spectrometry (Fig. 2B) . The protein adopts a native fold as judged by CD spectroscopy (Fig.  3A) and 1 H-NOESY NMR spectroscopy (SI Appendix, Fig. S8 ). The three β2m analogs containing the noncanonical amino acids 4R-Fpr, 4S-fpr, and F 2 Pro at position 32 were synthesized analogously using N-Boc-protected 4-fluoroprolines instead of proline (see SI Appendix and Figs. S3-S6 for analytical data). Near-UV CD and 1 H-NOESY spectra (SI Appendix, Figs. S7-S10) show that the variants adopt the same overall tertiary structure as WT β2m. As expected for such close structural analogs, only small differences localized near residue 32 are observed in the 1 H-NOESY spectra (SI Appendix, Figs. S8-S10).
Fluoroprolines Modulate β2m Stability. Far-UV CD spectra and thermal denaturation curves for WT β2m and the three analogs are depicted in Fig. 3 A and B, respectively. Chemically synthesized β2m has a CD spectrum that is virtually identical to the published spectra of recombinantly expressed protein containing an additional N-terminal methionine (9, 23) . Chief features are a strong maximum at 203 nm and a weak minimum at 221 nm. The CD spectra of [4S-fpr32]β2m and [4R-Fpr32]β2m are similar (Fig.  3A) . The relative stability of these three proteins was assessed by thermal denaturation. Their apparent melting temperatures (T m ) correlate with the cis-amide conformational preferences of the respective proline derivative at position 32 ( Fig. 1D ), decreasing in the order Table 1 ). The [F 2 Pro32]β2m protein deviates from these trends. Its far-UV CD spectrum shows a diminished maximum at 203 nm and a slightly blue-shifted minimum at 218 nm (Fig. 3A) . Interestingly, similar features were previously observed for β2m variants containing trans-configured Pro32, including the P5G point mutant and ΔN6, which lacks six N-terminal amino acids (23) . Like these proteins, [F 2 Pro32]β2m exhibits reduced thermal stability (T m = 56°C) and less cooperative thermal denaturation compared with WT β2m (Fig. 3B ).
Chemical denaturation ( (17) . An electron-withdrawing group at the 4R position stabilizes the exo ring pucker via a gauche effect. This conformation preorganizes main chain torsion angles, resulting in stabilization of the trans peptide bond isomer via an n→π* orbital interaction. The equilibrium cis-trans propensities for proline and its fluorinated analogs follow a different trend than the corresponding trans-cis isomerization rates (16) . Pro32 variants further illuminate the interplay between cis-trans equilibrium propensities, the free-energy barrier for amide bond isomerization, and protein stability. As shown in Table 1 Fig. S11 ). In addition, 19 F NMR studies showed that the F 2 Pro32 amide adopts a cis conformation in the folded protein but a trans conformation when denatured (SI Appendix, Fig. S12 ). Together, these observations strengthen the conclusion that the average structures of [F 2 Pro32]β2m and WT β2m are quite similar.
The destabilization of [F 2 Pro32]β2m can be rationalized by additionally considering the energy barrier for cis-trans isomerization (16) . Inserting fluorine atoms into the proline five-membered ring reduces the double-bond character of the prolyl amide and lowers the free-energy barrier for cis-trans isomerization. For the model system Ac-Xaa-OMe, the energy barrier decreases in the order Pro > 4R-Fpr ∼ 4S-fpr > F 2 Pro (Fig. 1D) (16) . Introducing F 2 Pro, the most conformationally labile residue in the series, at position 32 of β2m may destabilize the protein by "melting" the BC loop that maintains Pro32 in the cis conformation (Fig. 1B) . Consistent with a more dynamic structure and increased exposure of hydrophobic surfaces, [F 2 Pro32]β2m binds the environmentally sensitive dye 8-anilino-1-naphthalenesulfonic acid (ANS) to a greater extent than the other variants, giving rise to enhanced fluorescence and a characteristic blue shift of the emission maximum (Fig. 3D) . As for the previously published P32G variant (13), minor structural perturbations in the vicinity of residue 32, enhanced by the rapid isomerization kinetics of the F 2 Pro32 amide, may be propagated to other parts of the molecule without altering the core structure of the protein. The lower stability of [F 2 Pro32]β2m can then be attributed either to this slightly altered, less compact structure and/or to changes in the denatured state.
Aggregation Properties of Chemically Synthesized β2m Analogs. The oligomerization state of β2m variants was analyzed by sizeexclusion chromatography. Upon incubation at pH 7.5 for a period of 2 wk, WT β2m and the monofluoro-proline analogs (40 μM each) behaved as stable monomeric proteins, whereas [F 2 Pro32]β2m afforded a population of oligomers (Fig. 3E) . Although previous studies on amyloidogenic proteins have shown that partially folded species serve as precursors to aggregates and, ultimately, amyloids (24) (25) (26) (27) , analysis of these samples by transmission electron microscopy (TEM) showed no evidence for amyloid fibrils even for the least stable [F 2 Pro32]β2m protein.
Oligomerization of β2m at neutral pH is known to be promoted by Cu 2+ ions (6, 7) . Although this process is characterized by a several hour lag phase in the case of WT β2m, the P32A mutant produces protein oligomers instantaneously in the presence of metal ions (6) . The trans amide conformation adopted by Ala32 apparently preorganizes the protein for tighter Cu 2+ binding, triggering formation of oligomers. The synthetic proteins also undergo Cu
2+
-induced oligomerization at rates that correlate with their copper affinity and preference for the trans amide conformation (Fig. 3F) . Thus, the [4R-Fpr32]β2m analog, which favors the trans-amide and has the highest affinity for Cu Fig. S15 ). Enhanced flexibility of the BC loop in this variant, as discussed above, may hinder formation of an appropriately preorganized environment for Cu 2+ coordination even though F 2 Pro and unsubstituted proline have similar conformational preferences.
Protein solubility was further examined as a function of pH. The synthetic proteins (40 μM) were incubated at 37°C without stirring for a period of 2 wk. The concentration of soluble protein in filtered (0.2 μm) aliquots was quantified by absorbance at 280 nm. The resultant solubility curves are shown in Fig. 3G . The most stable analog, [4S-fpr32]β2m, only precipitated below pH 3.5, whereas the other proteins began to form insoluble aggregates at higher pH values. The least stable protein, [F 2 Pro32]β2m, displayed the least cooperative behavior. However, in no sample were amyloid fibrils detected above pH 4, either by ThT fluorescence or TEM.
Polymorphism of β2m Amyloids Regulated by cis-trans Pro32
Isomerization. Incubation at acidic pH (<3) is the most reliable way to produce β2m amyloids (9) . Indeed, all synthetic variants spontaneously form amyloid fibrils at pH 2.5 within a few days to a week (Fig. 4A) (28) , is located in very different environments in the other polymorphs as a consequence of altered self-assembly of the respective cross-β structures.
We performed seeding experiments to characterize the kinetics of amyloid growth and structural differences in amyloids derived from the different protein variants. The preformed amyloid seeds serve as growth templates, effectively eliminating the nucleation requirement and hence the kinetic lag phase (29) . This templating effect is structure-dependent: amyloid seeds of a particular protein polymorph are generally most efficient at inducing fibrils of the same protein polymorph (30, 31) . Fibril formation was monitored by a standard ThT fluorescence assay using 40 μM protein in the presence of seeds derived from preformed amyloids of all four variants (16 combinations in total) (Fig. 4B) .
The results obtained using cognate seeds, which likely resemble the nucleating species that arise spontaneously during unseeded aggregation, show the same qualitative trend for aggregation rates observed in the absence of seeds, namely WT β2m
does not aggregate faster than other variants, this trend does not support the simple hypothesis that aggregation is driven by the cis-trans amide bond ratio of residue 32. Other factors, including isomerization kinetics and the altered conformational preferences of the proline ring itself, probably play a role.
In cross-seeding experiments, both growth onset and assembly rate depend on the origin of the seeds. In Fig. 4B , the kinetics of fibril growth of the four studied proteins is quantitatively similar in the case of WT and [ Fig. S20B ) also suggests that their structural properties approximate those of WT fibrils. At pH 2.5, β2m exists as a mixture of partially structured and extensively unfolded conformers (32) . Because the BC loop that maintains Pro32 in the cis conformation will be (partially) denatured under these conditions, the average trans-cis amide bond ratio for an equimolar mixture of 4R-Fpr (6.7:1) and 4S-fpr (2.5:1) effectively mimics that of unmodified proline (4.6:1) (20) . Because hybrid fibrils formed by two β2m analogs containing isomeric 4-fluoroprolines behave like WT β2m amyloids, it is unlikely that replacement of hydrogen with a larger fluorine atom modulates the structure and stability of the amyloid fibrils for steric reasons. Instead, polymorphism would appear to have a conformational origin.
Discussion
Fluorinated proline derivatives are useful probes of structurefunction relationships in proteins (16) (17) (18) (19) (20) . In addition to altering the equilibrium population of cis and trans isomers via stereoelectronic effects, fluorine substitution lowers the barrier for isomerization by reducing the double-bond character of the prolyl amide (16) . Fig. 1D shows schematically the relative order of the two effects. The values for trans-cis equilibrium ratios for proline and its three 4-fluoroproline variants follow a different trend than the corresponding trans-cis isomerization rates. These counterbalanced properties are useful for studying folding, misfolding, and amyloid formation in β2m. A robust chemical synthesis of β2m allows site-specific replacement of one out of the five prolines with unnatural 4-fluoroproline analogs to dissect how the conformational properties of Pro32 influence folding and misfolding mechanisms.
Previous studies with WT β2m showed that trans→cis prolyl bond isomerization of Pro32 is the rate-limiting step in the protein-folding mechanism (33, 34) . As a consequence, the apparent folding rate of WT β2m is independent of denaturant concentration (SI Appendix, Fig. S14A ). In the case of [4S-fpr32]β2m and [4R-Fpr32]β2m, a weak dependence on denaturant concentration is evident on their folding kinetics (SI Appendix, Fig. S14 B and C) , in agreement with lower cis-trans isomerization barriers for both 4S-fpr and 4R-Fpr residues. In contrast, folding of [F 2 Pro32]β2m showed a strong dependence on denaturant concentration (SI Appendix, Fig. S14D ) and proceeded much faster than folding of WT β2m at low denaturant concentrations. In essence, the (Table 1) . Thus, monomeric β2m is stabilized relative to WT when Pro32 is replaced with 4S-fpr, which favors the native-like cis-Pro32 conformer, and destabilized when proline is replaced with 4R-Fpr, which favors the nonnative trans-Pro32 conformer. In energetic terms, these effects are relatively modest, however. The 0.66 kcal/mol destabilization observed for [4R-Fpr32]β2m was not sufficient to induce protein oligomerization at neutral pH. Unexpectedly, [F 2 Pro32]β2m proved to be the least stable variant. Even though F 2 Pro and proline have similar cis-trans-amide ratios in model compounds, the Pro32 to F 2 Pro substitution destabilized β2m by 1.3 kcal/mol. This seemingly innocuous substitution also increased the dynamic properties of the protein, judging from enhanced ANS binding and facile oligomerization, probably by introducing structural flexibility in the BC loop where residue 32 is located. Although the NMR evidence shows that the [F 2 Pro32]β2m tertiary structures are, on average, very similar to that of WT β2m (SI Appendix, Figs. S10 and S11), enhanced flexibility of the F 2 Pro32 amide bond likely increases the solvent exposure of normally buried hydrophobic groups.
Much experimental evidence suggests that fibril formation occurs via metastable, partially unfolded protein conformers (26, 27) . In the case of β2m, such species are obtained when Pro32, normally in a cis conformation, slowly isomerizes to trans (13, 33, 35) . Cis-to-trans isomerization of this residue exerts a destabilizing effect on protein structure (13, 23) , and ensuing conformational changes lead to exposure of hydrophobic residues and intermolecular aggregation via the D strand of the β-sandwich structure (6) . The destabilized [F 2 Pro32]β2m variant possesses the characteristics of a partially unfolded conformer, leading to protein aggregation over a wide pH range. However, above pH 4, the products of [F 2 Pro32]β2m aggregation are either soluble oligomers or insoluble amorphous aggregates. Well-ordered amyloid fibrils were not observed for [F 2 Pro32]β2m, even after incubating the samples at neutral pH for a period of several weeks. Longer incubation may be necessary to convert such amorphous aggregates into "crystalline" amyloid fibrils.
At pH 2.5, all four synthetic proteins spontaneously formed typical amyloid structures, albeit with unique morphologies and spectroscopic signatures. Amyloid polymorphism is well known: a single sequence, under different conditions, can generate a range of amyloid structures (36) . For example, WT β2m forms amyloids of different morphology and stability from solvent mixtures containing varying amounts of trifluoroethanol (37) . Coprecipitation of WT β2m and the truncated ΔN6 variant was also shown to produce a distinct polymorph (38) . Here, substitution of one or two hydrogens in Pro32 by fluorine elicits a similar effect.
The polymorphic nature of the fibrils is best illustrated in Fig.  4B . The four β2m variants show distinct amyloid growth kinetics, which vary depending on what kind of "seeds" were used to initiate growth. Amyloids of two proteins, WT β2m and [F 2 Pro32]β2m, served as efficient seeds for all four proteins, whereas seeds derived from [4S-fpr32]β2m and [4R-Fpr32]β2m selectively initiated amyloid growth of the cognate proteins only. Thus, the onset and kinetics of amyloid growth essentially depend on i) structural 5 . Schematic representation of how cis-trans Pro32 isomerization might influence the mechanism of β2m amyloid assembly. The trans-Pro32 conformer dictates self-assembly into a polymorph that places Trp60 in an environment where fluorescence emission is quenched, whereas coassociation of cis-Pro32 and trans-Pro32 conformers leads to some of the Trp60 shielded in the core of cross-β structure and hence stronger fluorescence. Subsequent Pro32 cis→trans isomerization leads to rearrangement of the β-strands to give the distinctive cross-β structure of WT β2m amyloids.
information encoded in amyloid seeds and ii) the competence of a particular β2m analog to perpetuate this structural information.
Although favoring aggregation, population of a trans-Pro32 amide conformation does not fully explain amyloid formation in WT β2m. The [4R-Fpr32]β2m variant, which favors trans-Pro32 to a greater extent than native β2m, formed amyloids that are spectroscopically distinct from WT fibrils (SI Appendix, Fig. S16 ). The structural and seeding properties of WT amyloids were better mimicked by fibrils grown from mixtures of this variant and [4S-fpr32]β2m, which should favor cis-Pro32 to a greater extent than native β2m. These observations suggest that cisPro32 conformers may be important for productive assembly of WT-like fibrils, presumably via transient hybrid oligomers (Fig.  5) . Subsequent isomerization of the prolyl bond during fibril maturation would then exclusively afford the trans isomer observed by solid-state NMR (14, 15) . Furthermore, growth kinetics for [F 2 Pro32]β2m amyloids shows that the activation energy for isomerization of amide32 also influences fibril assembly. The [F 2 Pro32]β2m protein, which has the most flexible His31-Xaa32 peptide bond and forms oligomers and amorphous precipitate more readily than the other β2m variants, showed the slowest kinetics of amyloid growth, even with "homologous" seeds (Fig. 4B ).
In conclusion, this study links conformational isomerization of a single residue in the β2m sequence (Pro32) with global characteristics of the resultant amyloids such as aggregation and propagation properties. Extending this type of conformational analysis to multiple protein sites can be expected to delineate subtle molecular details and functional aspects of the polymorphic states of these and many other amyloids. Infectious prions in which conformational polymorphism gives rise to multiple distinct heritable strains are a pertinent example (39) .
Materials and Methods
Details concerning the synthesis and characterization of the protein samples can be found in SI Appendix, Materials and Methods and SI Appendix, Figs. S1-S6. Biophysical characterization of the proteins is described in SI Appendix, Biophysical Characterization and SI Appendix, Figs. S7-S15. Protein oligomerization studies are detailed in SI Appendix, Protein Aggregation and SI Appendix, Figs. S16-S20.
